The Gram-positive bacterium Bacillus subtilis can initiate the process of sporulation under conditions of nutrient limitation. Here, we review some of the last five years of work in this area, with a particular focus on the decision to initiate sporulation, DNA translocation, cell-cell communication, protein localization and spore morphogenesis. The progress we describe has implications not just for the study of sporulation but also for other biological systems where homologs of sporulation-specific proteins are involved in vegetative growth.
Introduction
Some bacteria respond to nutrient limitation by forming an endospore, a morphologically distinct cell type (Fig. 1 ). This process is called sporulation and has been the subject of continuous microbiological investigation since the seminal 19 th century reports of Robert Koch (Koch, 1876) and Ferdinand Cohn (Cohn, 1876) . The endospore is a metabolically dormant, environmentally resistant cell, capable of surviving extremes of temperature, desiccation and ionizing radiation. Estimates of endospore longevity range from thousands to millions of years, although it is more likely on the lower end of that range; a number of factors are responsible for this robustness including dehydration of the spore core and compaction of chromosomal DNA (Nicholson, et al., 2000) . The process by which these dormant cells reinitiate growth is called germination and it occurs in response to environmental signals including amino acids and cell wall peptidoglycan muropeptides derived from growing cells (Shah, et al., 2008) . Neither germination nor the mechanisms underlying spore resistance will be further addressed here although the reader is directed to recent reviews (Setlow, 2006 , Paredes-Sabja, et al., 2011 . Endospore formation, sensu stricto, is reserved for Bacilli and Clostridia although many Streptomyces species produce spores with some limited similarity. Recently, endospore production by Mycobacterium marinum and M. bovis was reported (Ghosh, et al., 2009 , Singh, et al., 2010 ; however, that observation has not been independently confirmed (Traag, et al., 2010) .
Spores look very different from growing cells. This morphological differentiation initiates with an asymmetric division near to one pole of the cell, resulting in the formation of a smaller cell, the forespore and a larger cell, the mother cell. Recent evidence indicates, in contrast with earlier reports, that this septation can occur near either the "old" or the "new" pole (Veening, et al., 2008) . The sporulation septum is similar, but not identical to the normal mid-cell division septum, and contains a thinner layer of peptidoglycan separating the two compartments. Numerous proteins are specifically localized to this septum, some of which are present on only one side of the septum. Following completion, the septum begins to curve and, eventually, the smaller forespore becomes wholly contained within the mother cell ( Fig. 2A) . We discuss recent progress in characterizing the mechanism underlying this process in Engulfment and in particular the role of specific protein-protein contacts that mediate the interactions between the forespore and the mother cell membrane. Given that these morphogenetic processes occur at a particular place in the cell, a critical question is how the proteins involved in these processes are properly targeted. We discuss recent progress in identifying mechanisms responsible for this targeting in Protein localization. Finally, during the later stages of spore development, the inner and outer proteinaceous layers of the spore are assembled and the spore cortex, consisting of a thick layer of peptidoglycan contained between the inner and outer spore membranes, is synthesized. Progress in defining the organization of the spore coat and the biochemical processes underlying cortex synthesis is described in Spore morphogenesis.
Changes in gene expression underlie morphological differentiation in both the pre-divisional sporangium and later in the two compartments (Fig. 2B ). SpoOA, a master transcription factor whose phosphorylation state governs its ability to bind to promoters and thereby regulate gene expression, drives these events (Fawcett, et al., 2000 , Molle, et al., 2003 . SpoOA phosphorylation is mediated by a phosphorelay composed of phosphatases and kinase-inhibitory proteins which transfers phosphates from several kinases that are assumed to respond to environmental cues (Jiang, et al., 2000) . In Entry into sporulation, we describe some of the recent contributions to this literature, and in particular focus on the identification of possible environmental stimuli for kinase activity as well as the relationship between levels of SpoOA-P and the decision to initiate sporulation.
After septum formation, a "criss-cross" mechanism, beginning with following activation of the first compartment-specific transcription factor, σ F in the forespore, governs the sequential activation of three other compartment-specific transcription factors (Kroos, 2007) . Therefore the proper activation of σ F is critical for all subsequent spore development and complex mechanisms are involved in this key checkpoint (Hilbert & Piggot, 2004) . These mechanisms include volume differences between the forespore and the mother cell (Iber, et al., 2006 , Igoshin, et al., 2006 and preferential localization to the forespore face of the sporulation septum of the SpoIIE membrane phosphatase that is key to the activation of σ F (Guberman, et al., 2008) . Furthermore, the formation of the polar sporulation septum results in a period of transient chromosomal asymmetry where the smaller forespore contains ~1/3 of the oriC-proximal part of the chromosome. This chromosome asymmetry transiently excludes the gene encoding the proteolytically unstable SpoIIAB anti-σ F protein from the forespore, as this gene is located near the chromosome. Thus, genetic asymmetry directly contributes to specific activation of σ F in the forespore (Dworkin, 2003) and the expression of ~50 genes under σ F control (Wang, et al., 2006) . In DNA translocation, we focus on recent progress in characterizing SpoIIIE, the polytopic membrane protein responsible for DNA segregation into the forespore.
Chromosomal asymmetry is also important for the correct activation of σ E , the first mothercell specific transcription factor. The forespore expressed SpoIIR protein crosses the first membrane of the polar septum and leads to the activation of σ E and the subsequent expression of ~300 genes (Eichenberger, et al., 2004) (Fig. 2C, top) . The spoIIR gene is located very near the origin of replication and this position plays an important role in appropriate σ E activation (Khvorova, et al., 2000 , Zupancic, et al., 2001 . This mechanism was exploited in a recent study in which the timing of spoIIR expression was perturbed by placing it at ectopic chromosomal loci, resulting in the production of cells that contained "twin" spores (Eldar, et al., 2009) . While activation of σ G in the forespore requires a signal generated in the mother cell (Fig. 2C, middle ), recent evidence, described later in Cell-cell communication, extends our understanding of this interaction and, further, has begun to characterize how the mother cell "nurses" the forespore. Finally, σ G is responsible for the proper activation of σ K , the final mother cell transcription factor (Fig. 2C, bottom) , and we discuss recent advances in characterizing this inter-compartmental signaling cascade. Interestingly, the organization of the compartment-specific sigma-factor regulatory network and the genes comprising this network are largely conserved in multiple endospore-forming species, in contrast with the structural sporulation genes (de Hoon, et al., 2010) .
Entry into sporulation Kinases
Phosphorylation of the transcription factor SpoOA governs the decision to initiate sporulation. The extent of SpoOA phosphorylation determines a range of physiological outcomes from the development of biofilms and cannibalism (when SpoOA is phosphorylated at lower levels) to sporulation (when SpoOA is phosphorylated at higher levels). Here, we focus primarily on the role of SpoOA in triggering sporulation ( Fig.1) and direct the reader to a recent review that describes its role in other post-exponential processes ).
KinA is the major kinase responsible for initiation of sporulation and KinA (or KinB) overexpression during exponential growth is sufficient to induce entry into sporulation . In fact, inducing KinA synthesis beyond a certain level leads to entry into sporulation regardless of nutrient availability . KinA contains three PAS domains: PAS-A, PAS-B, and PAS-C (from amino to carboxyl terminus). PAS domains sense a variety of stimuli including oxygen, redox potential, and light (Taylor & Zhulin, 1999) . The KinA PAS-A domain binds ATP, which led to the hypothesis that KinA directly senses shifts in the available ATP pool (Stephenson & Hoch, 2001) . However, recent studies have shown that no single KinA PAS domain is essential to induce sporulation (Eswaramoorthy, et al., 2009 , Nguele, et al., 2010 . Furthermore, the loss of PAS-A has an essentially negligible effect on sporulation induction while the loss of either of the other two domains has a greater impact . While KinA can clearly initiate sporulation , the specific physiological signal(s) that stimulate KinA remain unclear.
The effect of a kinC mutation on sporulation is weaker than that of kinA or kinB. KinC responds to small-molecule-directed potassium leakage; this response depends upon its PAS sensory domains and leads directly to SpoOA phosphorylation (Lopez, et al., 2009c) . While a kinC mutant has a mild sporulation delay/defect, stimulation of KinC has not been shown to induce to sporulation. In contrast to KinA, B, and C, KinD was recently shown to delay the onset of sporulation under certain conditions as a kinD mutant proceeds to sporulation more quickly than a wild-type cell (Aguilar, et al., 2010) . It is not known how KinD affects SpoOA though it has been hypothesized to function as a phosphatase and thereby inhibit the initiation and/or progression of sporulation.
Kinase activity is antagonized by regulatory factors, specifically interactions with Sda (see Cell cycle cues) and KipI. The C-terminal region of KinA is comprised of a dimerization/ histidine-phosphotransfer (DHp) domain, containing the active auto-phosphorylated histidine residue, and a catalytic ATP-binding (CA) domain. Overexpression of KipI blocks KinA autophosphorylation but does not affect phosphate transfer to the phosphorelay in vitro (Wang, et al., 1997) . KipA, whose gene is located in the same operon as kipI, inhibits KipI. Since KipI/KipA homologs are widespread in bacteria, they may function as general histidine kinase regulators. A recent crystallographic analysis of a native Thermus thermophilus KipI-KipA fusion protein suggests that the interaction of KipA with KipI blocks the site with which KipI recognizes KinA (Jacques, et al., 2011) .
Cell cycle cues
For over forty years, it has been known that entry into sporulation is dependent upon cell cycle-derived cues. A key player in this regulation is Sda, a small protein (46 aa) that inhibits KinA (Burkholder, et al., 2001) . NMR studies and mutational analysis revealed how one of its helices interacts with the DHp domain of KinA (Rowland, et al., 2004) . Initial low-resolution structural analysis suggested that binding of the small Sda protein to KinA would not likely be able to directly block transfer of phosphate from the KinA CA domain to the active site histidine in its DHp domain though more recent experiments have suggested otherwise (Whitten, et al., 2007 , Bick, et al., 2009 . The larger KipI antikinase mentioned above binds to the same region as well as neighboring residues due to its greater size (Jacques, et al., 2008) . Structural studies implicate possible allosteric effects for both Sda and KipI since KinA appeared "more compact" when bound to either inhibitor (Whitten, et al., 2007 , Jacques, et al., 2008 . However, inconsistent with such an allosteric mechanism, Sda is capable of preventing the CA domain from phosphorylating the DHp histidine when CA and DHp are divided into separate peptides (Cunningham & Burkholder, 2009 ). In addition to blocking autophosphorylation, Sda directly inhibits the ability of KinA to transfer phosphate to its target, SpoOF (Cunningham & Burkholder, 2009) . A similar Sda-kinase structural interaction and reduction in the ability of the kinase to transfer phosphate downstream was recently observed in studies of Sda and KinB (Bick, et al., 2009) .
Expression of sda is induced in order to prevent sporulation under conditions when initiation of DNA replication has been compromised (Burkholder, et al., 2001) . Recently, it was shown that pulsed bursts of sda expression occur and are always correlated with the initiation of replication (Veening, et al., 2009) , suggesting that Sda is more than a checkpoint for replication initiation. Instead, it inhibits initiation of sporulation during the period when the cell contains actively replicating chromosomes, thereby preventing the formation of inviable polyploid spores. Sda-mediated sporulation inhibition is relieved by the ClpXP protease, a process which depends upon the uncharged residues at the C-terminus of Sda (Ruvolo, et al., 2006) . A corresponding mechanism regulating chromosome replication during sporulation is the sporulation-specific SirA (YneE) protein that displaces the replication initiation factor DnaA from the replication origin and thereby inhibits new rounds of replication (Rahn-Lee, et al., 2009 , Wagner, et al., 2009 .
Phosphatases
While kinase inhibition is one mechanism of phosphorelay regulation, dephosphorylation of kinase substrates also occurs (Fig. 3) . The Rap proteins mediate this process and share six 34-residue (tetratricopeptide; TTP) repeats involved in protein-protein interactions (Perego, et al., 1994) . RapA, RapB, RapE, and RapH (Smits, et al., 2007) all dephosphorylate SpoOF and thereby reduce the level of SpoOA~P. The recently reported RapH-SpoOF co-crystal structure identifies residues that mediate this interaction (Parashar, et al., 2011) . Corresponding biochemical and genetic studies indicate that RapH is not only capable of dephosphorylating SpoOF, but can also sterically block phosphate transfer to and from SpoOF. Indirect evidence suggests that other Raps, notably RapJ and RapK, may be interacting with the phosphorelay as well (Auchtung, et al., 2006) . Rap function is mediated by extracellular pentapeptides derived from the products of the phr genes, found adjacent to the rap genes. Phr proteins are cleaved, secreted from the cell, and accumulate in the culture supernatant (Pottathil & Lazazzera, 2003) . Following import, the Phr-derived pentapeptides inhibit the activity of their cognate Raps. The rapA-phrA operon is heterogeneously induced in sporulating microcolonies, suggesting that phrA expression may play a role in regulating the heterogeneity underlying the decision to initiate sporulation (Bischofs, et al., 2009 ).
Other regulatory mechanisms
The ABC transporter FtsEX also delays sporulation (Garti-Levi, et al., 2008) . FtsEX activity is surmountable by an active mutant of SpoOA or by high induction of the phosphorelay (Garti-Levi, et al., 2008) . Since FtsEX is a transporter it may function like Rap-Phr circuits in incorporating extracellular cues into the decision to sporulate. Another protein, CodY, senses excess nutrients and prevents sporulation from occurring under these conditions (Ratnayake-Lecamwasam, et al., 2001) . It binds GTP as well as branched-chain amino acids (isoleucine, leucine, and valine) to repress the transcription of ~200 genes (Handke, et al., 2008 , Villapakkam, et al., 2009 including kinB as well as the operons that encode RapA and RapE and their cognate Phr-repressor peptides (Molle, et al., 2003) .
The role of cyclic nucleotides in bacterial cell-cycle control has been the subject of increasing attention in a number of organisms (Duerig, et al., 2009) . B. subtilis DisA, which monitors chromosome integrity during entry into sporulation (Bejerano-Sagie, et al., 2006) , is a cyclic diadenosine monophosphate (c-di-AMP) synthase (Witte, et al., 2008) . The level of ci-di-AMP rises at the onset of sporulation but is reduced by DNA-damaging agents in a DisA-dependent fashion (Oppenheimer-Shaanan, et al., 2011) . The rise in ci-di-AMP levels therefore seems to act as a secondary messenger that couples chromosome integrity with progression of sporulation.
SpoOA
The phosphorelay culminates in the phosphorylation of SpoOA. While unphosphorylated SpoOA is inactive, progressive increases in both SpoOA phosphorylation and abundance result in phenotypic differentiation including biofilm development and/or nutrient scavenging (i.e. cannibalism) (Hamon & Lazazzera, 2001 at moderate levels and sporulation at higher levels . SpoOA is comprised of a phospho-acceptor (receiver) domain and a DNA-binding (effector) domain. SpoOA uses an 'aromatic-switch' mechanism of activation where phosphorylation reorients a phenylalanine residue in the receiver domain allowing the effector domain to become active (Muchova, et al., 2004) .
SpoOA directly affects expression of ~120 genes with different subsets of genes affected at low and at high levels of SpoOA~P (Molle, et al., 2003 . Binding sites of genes that require high amounts of SpoOA~P for induction typically have low affinities whereas many genes induced at low levels of SpoOA~P have binding sites with high affinities. A large number of indirectly induced genes (at low SpoOA~P levels) are regulated via SpoOA~P-mediated inactivation of the repressor protein AbrB . SpoOA inhibits AbrB by two mechanisms including the direct transcriptional repression of abrB as well as the induction of the abbA gene encoding AbbA which inhibits AbrB protein function (Banse, et al., 2008) .
Phosphorelay heterogeneity
Important bimodal development decisions are often maintained via a number of feedback mechanisms that reinforce a state of bistability as occurs in B. subtilis competence (Dubnau & Losick, 2006) . The phosphorelay has a number of feedback mechanisms, such as the Raps, that would facilitate bistability (Veening, et al., 2005 , Smits, et al., 2007 . This proposal, however, has been challenged in experiments showing that artificial manipulation of feedback loop components does not increase the percentage of sporulating cells (Chastanet, et al., 2010) . Such increases would be expected if any of the feedback loops were functioning to reinforce cells in a non-sporulating state. Furthermore, if the scenario were bistable, a bimodal distribution of SpoOA~P would be expected; however its distribution was always seen as a heterogeneous continuum (Chastanet, et al., 2010) . The cellular heterogeneity in the output of the phosphorelay, ultimately resulting in the production of a variety of physiological states , could arise from stochastic fluctuations in individual cells in the levels of components of the phosphorelay or in the transcription of their genes (de Jong, et al., 2010) .
DNA translocation
A hallmark of sporulation is the uneven distribution of chromosomal DNA between the mother cell and the forespore. Specifically, the asymmetric sporulation septum is almost completed before chromosome segregation is finished, resulting in the forespore initially containing only the origin-proximal one-third of one of the chromosome. The chromosome is attached to the cell pole through the action of the RacA protein (Ben-Yehuda, et al., 2003 , Wu & Errington, 2003 that interacts with both the pole-associated protein DivIVA and with specific DNA sequences that are enriched in the origin-proximal region of the chromosome (Ben-Yehuda, et al., 2005) . Loss of RacA only results in ~2-fold reduction in sporulation efficiency (Ben-Yehuda, et al., 2003) , suggesting that the bacterium is able to orient its chromosomes reasonably well even in the absence of this mechanism. The relatively mild sporulation defect of a racA mutant strain and the fact that racA was first identified as part of a genomic screen of genes under control of SpoOA (Fawcett, et al., 2000) provides further evidence that traditional genetic approaches to sporulation (Piggot & Coote, 1976) , while undeniably powerful, can miss relevant genes.
In order for sporulation to proceed, the distal two-thirds of the chromosome must be pumped into the forespore. SpoIIIE, a large polytopic membrane protein belonging to the FtsK family of DNA transporters, is responsible for this translocation. Members of this family have diverse physiological roles including chromosome partitioning during vegetative growth and conjugative transfer of plasmid DNA and are thought to transfer a single doublestranded DNA molecule at a time. Here, we will discuss recent work that has provided new mechanistic detail of how SpoIIIE acts to mediate DNA pumping into the forespore. In addition, SpoIIIE plays a second role during engulfment described in more detail in the Engulfment section below. Although genetic experiments had previously unambiguously demonstrated a role for SpoIIIE in DNA pumping into the forespore, several issues remained: (1) How is the directionality of pumping established and maintained; (2) How are the two arms of the chromosome be pumped simultaneously; and (3) How is the terminus translocated given the topological constraints of a closed circle?
Previously published experiments indicated that the selective assembly of SpoIIIE complexes on the mother-cell side of the septum determined the polarity of translocation (Sharp & Pogliano, 2002) . However, alterations in chromosome architecture switched SpoIIIE assembly to the forespore, suggesting that the DNA was dominant (Becker & Pogliano, 2007) . The SpoIIIE homolog FtsK is a reversible translocase whose orientation is governed by its DNA substrate, in particular by the presence of specific chromosomal sequence motifs called KOPS (Touzain, et al., 2011) . The KOPS motif distribution is highly skewed towards the origin of replication to the terminus facilitating movement of the terminus toward the septum. Analogously, recognition/binding of the KOPS-like sequence SRS is necessary for directional DNA translocation by SpoIIIE . Thus, the directionality of pumping is likely a direct result of the asymmetric chromosomal distribution of SRS sequences. Additional SpoIIIE studies revealed that it is able to strip all bound proteins off a chromosome during translocation, suggesting that it makes a robust and continuous interaction with DNA beyond the SRS sequences (Marquis, et al., 2008) .
Previous models of the SpoIIIE hexameric complex suggested that it formed a single aqueous channel through which both arms of the chromosome were translocated. However, the width of the channel as predicted by the pore size of the ATPase domain seen in the crystal structure of the SpoIIIE homolog FtsK would only be sufficient to allow passage of a single double strand of DNA (Massey, et al., 2006) and considerable evidence exists that the two arms of the chromosome are translocated simultaneously (Becker & Pogliano, 2007 , Burton, et al., 2007 . The suggestion that there are two SpoIIIE channels (Fig. 4A ) offers a possible resolution to this dilemma (Burton, et al., 2007) although this has not been demonstrated.
Separation of the termini during sporulation requires SpoIIIE (Bogush, et al., 2007) but it is not known whether SpoIIIE has the ability to translocate the final (closed) loop of the chromosome (Fig. 4B) . Recent experiments on DNA translocation during vegetative growth indicate that SpoIIIE and SftA (a protein with significant homology in its DNA translocase domains with both SpoIIIE and FtsK) act coordinately to clear DNA away from the mid-cell (Biller & Burkholder, 2009 , Kaimer, et al., 2009 . SftA may be involved in chromosome dimer resolution but since it is not needed for sporulation (Biller & Burkholder, 2009) , it cannot be responsible for this activity in sporulation. The B. subtilis RipX and CodV recombinases are necessary for vegetative dimer resolution (Sciochetti, et al., 2001 ) and may play a similar role in sporulation, perhaps by directly interacting with SpoIIIE. A precedent for such a possibility is the interaction of E. coli XerD recombinase and FtsK (Massey, et al., 2004) .
Engulfment
During sporulation, the cell undergoes a diverse array of morphological changes. One prominent example is engulfment, the process by which the smaller of the two cells resulting from the asymmetric division becomes encased within the larger cell (Fig. 5A) . Following the formation of the sporulation septum, the mother cell membranes move and eventually entirely encircle the forespore. While there are superficial similarities to membrane movements that occur during phagocytosis in eukaryotic cells, the analogy may be of limited relevance since in sporulating cells there is a layer of peptidoglycan (the germ cell wall) that surrounds the forespore and separates the two compartments. Initially, this peptidoglycan provides a rigid connection between the two cells. It must, however, be split in order for engulfment to continue past the initial septal bulging and to allow the final separation of the two cells. Thus, peptidoglycan must be modified so as to allow membrane movement. Here, we will describe the recent characterization of peptidoglycan-modifying proteins that are necessary for engulfment. We will also discuss a mechanism that drives membrane movements unidirectionally and appears to mediate the signaling necessary for the activation of the later steps in the developmental program.
SpoIIQ and the 'DMP' machine
The proteins SpoIID ('D'), SpoIIM ('M') and SpoIIP ('P') are located in the outer forespore membrane (facing the mother cell) and are necessary for engulfment. The demonstration that SpoIID is a peptidoglycan hydrolase led to the proposal that it acts as part of a so called 'DMP' complex, including SpoIIM and SpoIIP, to hydrolyze the peptidoglycan between the two membranes, thereby moving the mother cell membrane around the forespore (Abanes- De Mello, et al., 2002) . Consistent with this model, the activity of SpoIID correlates with the rate of membrane migration. The peptidoglycan located between the membranes is joined with the peptidoglycan that surrounds the combined mother cell and forespore. This rigid connection peptidoglycan must be hydrolyzed in order for engulfment to occur. A candidate for this activity is SpoIIP (Chastanet & Losick, 2007) , which is both an amidase and endopeptidase that removes the stem peptides from the cell wall and cleaves their crosslinks (Morlot, et al., 2010) . The interest in the peptidoglycan-modification activities that occur during engulfment was recently heightened by the observation that sites of active peptidoglycan synthesis track with the engulfing membrane all the way through the final detachment of the forespore into the mother cell cytosol. Compounds that block muropeptide synthesis or polymerization also block membrane fission at the completion of engulfment .
When the septal peptidoglycan of sporulating cells was enzymatically removed by lysozyme, the cells engulfed even in the absence of 'DMP' but instead required the forespore protein SpoIIQ and its mother cell partner SpoIIIAH. As described below in Protein Localization, the SpoIIQ and SpoIIIAH membrane proteins interact across the sporulation septum leading to the septal localization of SpoIIQ multimers that track the engulfing mother cell membrane . Since photobleaching indicated that the SpoIIQ multimer does not freely diffuse, it was proposed that SpoIIQ and SpoIIIAH function as a ratchet to irreversibly drive engulfment (Broder & Pogliano, 2006) . A model encompassing both this proposal as well as the observations about peptidoglycan hydrolysis suggests that several partially redundant mechanisms operate to ensure successful membrane movement (Fig. 5B) . It remains unclear whether these mechanisms spatially and temporally overlap during normal engulfment and it is therefore possible that they participate in distinct steps of this process. For example, the 'DMP' machine may be necessary for detaching the septal peptidoglycan from the cell wall peptidoglycan and for initiating the early stages of membrane movement, SpoIIQ/SpoIIIAH may be necessary to drive the majority of membrane movements and peptidoglycan synthesis may be necessary for the final membrane fission event required to finally separate the forespore from the mother cell (Fig.  5B ).
Finally, a subject of long-standing interest in sporulation has been the question of when and how the cell becomes committed to sporulation. Specifically, when is the forespore or the mother cell unable to resume growth even in the presence of nutrients? The forespore exhibits rod-like, longitudinal growth in the presence of nutrients only when SpoIIQ and SpoIIP are absent, whereas the mother cell can do so when SpoIIP alone is absent (Dworkin & Losick, 2005) . These results indicate that once engulfment is initiated, a process that requires activities in both the forespore and the mother cell, differentiation is rendered irreversible.
SpoIIIE
Some mutations in SpoIIIE result in engulfment defects, and since SpoIIIE mediates chromosome translocation, it was suggested that engulfment and DNA translocation were coupled. However, approximately one-half of sporangia carrying a mutation in the SpoIIIE ATP binding site complete membrane fission during engulfment even though they are defective in DNA translocation (Sharp & Pogliano, 1999 ) so this coupling, even if present, is not absolute. In addition, a SpoIIIE mutant was identified that prevented the final steps of membrane fission but had no effect on DNA translocation (Liu, et al., 2006) . Thus, an unresolved question was the nature of the SpoIIIE engulfment defects. The possibility that SpoIIIE had different roles in septal (early) and engulfment (late) fission was introduced. Specifically, DNA translocation only occurs during septal fission and a model was proposed where the assembly SpoIIIE complexes was the driving force for septal fission (Liu, et al., 2006) . The quantitative relationship between the extent of septal membrane fission and the assembly of SpoIIIE complexes (Fleming, et al., 2010) is consistent with this proposal. The disassembly of these complexes was proposed to drive engulfment fission (Liu, et al., 2006) although how this mechanism, if at all, relates to the observed requirement for peptidoglycan synthesis remains unclear .
Cell-cell communication
Two distinct cells emerge following completion of asymmetric septation and DNA translocation. These cells will undergo dramatic morphological differentiation that results from unique patterns of gene expression. However, these events do not occur in isolation and a major theme in sporulation research is the characterization of the signaling pathways between the two cells that are required for proper developmental progression (Kroos, 2007) . As mentioned in the introduction above, σ F activation in the forespore is necessary for the expression of SpoIIR, a secreted protein that crosses one membrane into the space between the septal membranes and stimulates proσ E →σ E processing in the mother cell. Active σ E is necessary for σ G activation in the forespore, which, in turn, leads to σ K activation in the mother cell. Here we will focus on two issues regarding this inter-cellular communication that have been the subject of much recent progress. First, the identity of the signal as well as the mechanism underlying σ G activation has been mysterious. Activation is blocked in a σ E mutant, indicating that a mother-cell specific gene product(s) is necessary. In the Feeding tube model, we describe recent progress in understanding the mother cell to forespore signaling in the activation of σ G . Second, activation of the mother-cell specific transcription factor σ K is dependent on a forespore-generated signal. A key point in this signaling is the processing of pro-σ K to σ K , its mature, active form, and we describe recent work below in σ K processing.
Feeding tube model
Activation of σ G in the forespore is dependent on a complex of eight proteins, encoded by the spoIIIAA-AH operon, seven of which are membrane proteins of previously unknown function produced in the mother cell under control of σ E . Although each of these proteins is required for σ G activation, the identification of an internal promoter in spoIIIAF that is necessary and sufficient for the expression of spoIIIAG and spoIIIAH (Guillot & Moran, 2007) suggested that SpoIIIAG and SpoIIIAH might play particularly important roles in σ G activation. In fact, a suppressor mutation that allowed σ G activation in the absence of all SpoIIIA proteins except for SpoIIIAH was identified (Camp & Losick, 2008) .
The observation that SpoIIIAH is similar to a component of the Type III secretion apparatus led to the hypothesis that mother cell to forespore signaling occurs via a channel that links the two cells (Meisner, et al., 2008) . The ability of the C-terminal extracellular domain of SpoIIIAH to be biotinylated by a biotin ligase expressed in the forespore cytoplasm is consistent with the presence of an aqueous channel (Meisner, et al., 2008) . Several forespore-expressed anti-sigma factor proteins are known to bind σ G (e.g. CsfB (KarmazynCampelli, et al., 2008) and SpoIIAB (Chary, et al., 2005) ) and so it is possible that, like the export of the anti-σ 28 factor FlgM during flagella synthesis in Salmonella (Chevance & Hughes, 2008) , export of these proteins through the SpoIIIAH/SpoIIQ channel could result in σ G activation. However, neither CsfB nor SpoIIAB are required for the coupling between σ E and σ G .
Finally, the forespore has been described typically as being "nursed" by the mother cell. It has been unclear, though, how the metabolic activity of the forespore is maintained even though transcription dependent on the primary sigma factor σ A still occurs in the forespore at this later stage of sporulation (Steil, et al., 2005) . The observation that transcription mediated by a heterologous RNA polymerase (phage T7) is dependent on the presence of the SpoIIIAH/SpoIIQ channel suggests that small molecules necessary for biosynthetic activity of the forespore are imported via this channel (Camp & Losick, 2009 , Doan, et al., 2009 . In fact, it is possible that these molecules are necessary for σ G -dependent transcription, and this would explain the requirement of this channel for σ G activation.
σ K processing
The final sigma factor to be activated is σ K in the mother cell. σ K is present as a pro-protein and the processing of pro-σ K is mediated by the membrane-embedded metalloprotease SpoIVFB which itself is held inactive by two other membrane proteins SpoIVFA and BofA. This processing has been challenging to study but it has recently been shown that the pro-σ K cleavage occurs in a transmembrane segment and depends upon ATP (Zhou, et al., 2009) . The forespore-produced protein SpoIVB cleaves the inhibitory protein SpoIVFA. SpoIVFB is thereby activated to process pro-σ K (Campo & Rudner, 2006) . The specific signal that SpoIVB responds to is unknown, but SpoIVB fails to accumulate when engulfment is perturbed suggesting that it serves as a checkpoint for the progression of engulfment (Doan & Rudner, 2007) . This view is somewhat complicated by the report that a second foresporeproduced protease CtpB is capable of cleaving SpoIVFA (Zhou & Kroos, 2005 , Campo & Rudner, 2006 and can itself serve as a substrate for cleavage by SpoIVB (Campo & Rudner, 2007) .
Protein localization
As discussed previously, during the process of engulfment, the forespore becomes internalized by the mother cell. A critical issue is how the proteins that mediate this process are targeted to the membranes surrounding the forespore as opposed to the rest of the cytoplasmic membrane. This targeting has been the subject of intensive investigation, and we describe some of the recent progress here, with particular focus on the targeting of the SpoIIIAH protein necessary for inter-compartmental signaling described above in the Feeding tube model (as well as during Engulfment). In addition, as the forespore matures into a spore (described below in Spore morphogenesis), proteins that will comprise the spore coat need to be targeted to the outer forespore membrane. How proteins are able to differentiate intracellular membranes is an issue of general biological relevance (Shapiro, et al., 2009 ) so we discuss the two different solutions to this problem employed by SpoIIIAH and SpoVM.
Two membranes are found between the mother cell and the forespore: the outer forespore membrane, which starts out as the mother cell side of the polar septum, and the inner forespore membrane, which starts out as the forespore side of the polar septum. Importantly, the outer forespore membrane is initially contiguous with the cytoplasmic membrane so that proteins expressed in the mother cell have access to both membranes. The mechanism of "diffusion and capture" is responsible for keeping at least some proteins in the polar septal membrane, but it has been unclear how the initial anchoring protein is directed to the septum (Rudner, et al., 2002) . However, one distinguishing feature of the incipient outer forespore membrane is that it is adjacent to the inner forespore membrane and this feature is used to target the mother cell expressed polytopic SpoIIIAH membrane protein to this membrane. This localization is dependent on SpoIIQ, a forespore-expressed membrane protein, once engulfment happens (Blaylock, et al., 2004 , Doan, et al., 2005 . The extracellular domains of SpoIIIAH and SpoIIQ interact across the sporulation septum, resulting in the tethering of SpoIIIAH to the sporulation septum as well as its assembly with SpoIIQ into helical arcs and foci around the forespore (Blaylock, et al., 2004) (Fig. 6A) . Thus, specific gene expression (σ F -dependent spoIIQ) in one compartment leads to asymmetrical protein distribution in another compartment and is another example of how the intrinsic asymmetry of the chromosome is converted to asymmetry in protein localization (Dworkin, 2003) .
Proper spore coat assembly depends on SpoVM, a 26-amino-acid mother cell-produced peptide that forms an amphipathic helix. A SpoVM-GFP fusion targets exclusively to the outer forespore membrane via hydrophobic, amino acid side-chains on the hydrophobic face of the helix (van Ooij & Losick, 2003) , suggesting that the SpoVM helix is oriented parallel to the membrane with the hydrophobic face buried in the lipid bilayer (Ramamurthi, et al., 2006) . In addition, SpoVM-GFP produced after engulfment is still targeted to the forespore, even though this membrane was now topologically isolated (Ramamurthi, et al., 2009) . One possible mechanism underlying this targeting is an anchoring complex in the outer forespore membrane containing the SpoIVA protein (see below in Spore coat). However, the very small size of SpoVM is problematic for this mechanism. Alternatively, membrane curvature (both positive and negative) has recently been proposed to be a basis for protein localization (Huang, et al., 2006 , Mukhopadhyay, et al., 2008 . Thus, given that the outer forespore membrane has positive curvature, SpoVM could be detecting this property. To examine this possibility, purified SpoVM was incubated with phospholipid vesicles similar in size to the forespore (Ramamurthi, et al., 2009) . The binding of SpoVM was quantitatively related to the vesicle size (curvature) and was reduced by a mutation in the SpoVM amphipathic helix that also abolished localization of SpoVM to the outer forespore membrane in vivo but did not hamper membrane binding (Ramamurthi, et al., 2009) (Fig. 6B) .
Spore morphogenesis
The B. subtilis spore is a complex structure. The spore core contains the chromosomal DNA that is maintained in a compact state by SASPs (small acid-soluble proteins). The original membrane that surrounded the forespore surrounds the core and the peptidoglycan rich cortex surrounds this membrane. Surrounding the cortex, the spore coat consists of ~80 proteins deposited by the mother cell arranged in inner and outer layers (Fig 7) . In some spore-forming species, but not B. subtilis, the spore is surrounded by additional structures such as the exosporium and the S-layer.
Spore coat
Two important questions regarding the spore coat have been: how is the coat assembled and what are the functions of the coat proteins? Coat proteins are generally not conserved between spore-forming species and their identification has traditionally been technically cumbersome. However, the use of fluorescent microscopy in combination with genomic approaches (Kim, et al., 2006 , Takamatsu, et al., 2009 ) has greatly facilitated the identification of additional coat proteins. A recent extension of this work is the application of sophisticated image analysis to the localization of fluorescent fusions that allowed direct assignment of proteins to a particular coat layer as well as the identification of a previously undescribed layer (McKenney, et al., 2010) . In addition, biochemical techniques such as gel filtration are facilitating the characterization of specific interactions in the spore coat . Here we will describe work reported since the most recent review on coat assembly .
The assembling coat is synthesized in the mother cell and is targeted to the outer forespore membrane by SpoIVA (Wang, et al., 2009) . SpoIVA binds and hydrolyzes ATP, allowing it to self-assemble into cable-like structures (Ramamurthi & Losick, 2008 ) that form a basement layer that serves as a platform for coat assembly. Other proteins involved in assembly are SpoVID that directly interacts with SpoIVA , Wang, et al., 2009 and SafA, which is necessary for the encasement of the spore . SafA was found to affect the localization of ~16 inner coat protein fusions (McKenney, et al., 2010) substantiating its central role in coat assembly.
The outer coat fails to assemble in a cotE mutant (Zheng, et al., 1988) and two previously identified spore coat proteins, CotC and CotU, were found to interact and assemble around the forming spore in a manner dependent on CotE (Isticato, et al., 2008 , Isticato, et al., 2010 . Expression of CotE later than normal led to defects in coat formation, but these spores were still lysozyme resistant, suggesting that CotE has functions outside of coat assembly (Costa, et al., 2007) . Interestingly, B. anthracis CotE is necessary for exosporium assembly, but has little role in coat protein assembly, demonstrating functional variation of a well-conserved protein in different species (Giorno, et al., 2007) .
Several enzymatic activities have been associated with particular coat proteins. For example, the coat protein LipC (YcsK) is a lipolytic enzyme, although its absence did not affect any spore phenotypes except germination in response to L-alanine (Masayama, et al., 2007) . Four coat proteins (YtaA, CotS, YutH, YsxE) are members of a new family called "Bacterial Spore Kinases" (BSK) that have significant structural similarity but not homology at the level of primary sequence (Scheeff, et al., 2010) to bacterial eukaryotic-like Ser/Thr kinases (Pereira, et al., 2011) . Although this enzymatic activity has not yet been demonstrated and may reflect similarities in substrate binding rather then function, this finding is intriguing and emphasizes the limitations of non-structural homology searches.
One issue in identifying the activity of a particular coat protein (with the exception of proteins necessary for overall coat structure) is that mutations in their respective genes often lack an observable phenotype. In fact, spores of a B. subtilis cotE gerE double mutant that almost entirely lack a spore coat germinated essentially normally and were resistant to wet heat, to mechanical disruption, and to treatment with detergents at an elevated temperature and pH (Ghosh, et al., 2008) . One prospect in characterizing phenotypes is to expand the phenotypic assays, as has been done recently with spore digestion by the protozoan Tetrahymena thermophila (Klobutcher, et al., 2006) and the nematode Caenorhabditis elegans . Both of these studies revealed that the spore coat plays an important function in preventing spore degradation following host ingestion, presumably by preventing access of host muralytic enzymes to the spore cortex. These systems not only offer novel assays of spore structure, but also ecologically relevant assays which may have implications for understanding the biological role of spores.
Spore cortex
Bacterial endospores survive extremes of heat and desiccation because of the dehydrated state of the spore core that is in large part mediated by the cortex. This structure is composed of a form of peptidoglycan that is similar, although not identical, to vegetative peptidoglycan, with the presence of muramic δ-lactam residues resulting in fewer peptide side chains and a concomitant reduction in the cross-linking of the glycan strands (Popham, 2002) . As a consequence of engulfment, two distinct membranes, separated by the germ cell wall, a thin layer of peptidoglycan, surround the forespore. The assembly of the spore peptidoglycan then occurs in the space between the two membranes, resulting from the action of genes expressed in the mother cell compartment including one encoding the SEDS (Shape, Elongation, Division and Sporulation) protein SpoVE. During sporulation, ΔspoVE mutants fail to form a cortex and they accumulate cytoplasmic peptidoglycan precursors (Vasudevan, et al., 2007) , suggesting a defect at an early step in peptidoglycan polymerization. Consistent with its involvement in spore cortex synthesis, SpoVE localizes to the outer forespore membrane (Real, et al., 2008) and interacts closely both in vivo and in vitro with SpoVD, a σ E -controlled penicillin-binding protein that is also required for spore cortex synthesis (Fay, et al., 2010) . SpoVD is a target of the thioredoxin-like membrane protein StoA , suggesting that the redox state of SpoVD may be a further level of regulation in cortex synthesis in addition to the compartment-specific gene transcription (Eichenberger, 2010) .
The intimate interaction with SpoVD and the accumulation of peptidoglycan precursors are consistent with the proposed role of SpoVE (and its SEDS protein homologs FtsW and RodA) as a lipid II translocase. Recent direct biochemical evidence regarding the function of E. coli FtsW supports this conjecture (Mohammadi, et al., 2011) . Another protein necessary for spore cortex synthesis is SpoVB, and it was recently proposed that the MurJ family of which SpoVB is a member is necessary for Lipid II translocation (Ruiz, 2008) . However, B. subtilis strains lacking all four SpoVB orthologs (including SpoVB) display little or no phenotype during growth (Fay & Dworkin, 2009 , Vasudevan, et al., 2009 suggesting that these proteins do not mediate the presumably essential process of Lipid II translocation in this organism.
Recently, B. subtilis spore-cortex peptidoglycan was found to be O-acetylated, a common peptidoglycan modification that reduces sensitivity to the innate immune anti-microbial lysozyme (Laaberki, et al., 2011) . However, since lysozyme is unable to penetrate the outer coat (Driks, 1999) , this modification would not appear to be useful. O-acetylation of B. anthracis peptidoglycan influences the formation of the S-layer by facilitating the anchoring of one of the major S-layer proteins to the peptidoglycan (Laaberki, et al., 2011) , so Oacetylation of the spore cortex peptidoglycan may also mediate attachment of the spore coat to the cortex.
Conclusions
This review has highlighted some (but not all!) of the recent progress in understanding B. subtilis sporulation. Historically, experiments aimed at uncovering the processes underlying sporulation have identified important regulatory mechanisms that are also present in nonsporulating bacteria. These include the role of sigma factors in transcription (Sharma & Chatterji, 2010) and protein localization (Rudner & Losick, 2010) . The success of these approaches is due to the genetic tractability of B. subtilis, in particular the non-essentiality of sporulation, as well as to the comparatively large size of the bacterium, which greatly facilitates microscopy. For example, a central question in bacterial cell biology is how proteins get targeted to different subcellular sites and the work described above with the membrane targeting of SpoVM will likely have implications for how this occurs in other bacteria (Ramamurthi, 2010) . The development of sophisticated image analysis techniques to localize proteins to a particular spore coat layer (McKenney, et al., 2010) should be generally applicable as a method to investigate the organization of large proteinaceous complexes present in many bacteria in addition to more complex cells. Finally, the role of noise ('stochastic fluctuations') in various sporulation processes including compartment specific gene activation (Eldar, et al., 2009) has been the subject of intense recent experimental (Chastanet, et al., 2010) and theoretical efforts (Bischofs, et al., 2009) ; these should continue to serve as fertile grounds for developing synthetic biological approaches to single-cell decision making (Eldar & Elowitz, 2010) .
Sporulation can be observed following inoculation of the mouse gut with B. subtilis (Tam, et al., 2006) suggesting that this process may play an important role in the colonization and ecology of the gut microbiota of which spore-forming bacteria are a significant (~50%) component (Ley, et al., 2008) . In fact, the recent identification of a spore-forming Clostridia as a major player in the maintenance of immune homeostasis in the intestine (Atarashi, et al., 2011) and the ability of Clostridium difficile spores to survive antibiotic treatment due to their intrinsic lack of sensitivity to antimicrobials indicates that sporulation is a process with great implications for human health and disease (Nerandzic & Donskey, 2010) . Upon nutrient limitation, B. subtilis ceases growth and initiates sporulation. An asymmetric cell division generates a smaller cell and a larger cell. Following completion of DNA segregation, the larger cell (the mother cell) proceeds to engulf the smaller cell (the forespore). During the initiation of spore metabolic dormancy and compaction of the spore DNA, the mother cell mediates the development of the forespore into the spore through the production of the spore cortex and the inner and outer coat. Upon completion of this process, the mother cell lyses, releasing the mature spore. When the dormant spore encounters an appropriate environmental stimulus, it initiates the process of germination that can result in the re-initiation of vegetative growth if sufficient nutrients are present. Following entry into sporulation, the cells form an asymmetric septum, which then proceeds to curve out; it eventually becomes entirely distorted and surrounds the smaller cell. This process of engulfment is completed by the loss of attachment between the forespore and the mother cell. (B) Genetic asymmetry. These morphological changes are accompanied by activation of specific transcription factors in each compartment. Initially, σ F is activated only in the forespore, followed by σ E in the mother cell, σ G in the forespore, and finally σ K in the mother cell. (C) Intercellular signaling cascade underlying genetic asymmetry. (i) The SpoIIR protein that is under control of σ F is produced and secreted by the forespore and activates proteolytic processing of pro-σ E →σ E in the mother cell. (ii) An as yet unknown signal, produced in the mother cell under control of σ E , enters the forespore presumably via the SpoIIIAH/SpoIIQ pore and activates σ G . (iii) The SpoIVB protein produced under the control of σ G in the forespore activates pro-σ K →σ K proteolytic processing in the mother cell via an interaction with the SpoIVFA/SpoIVFB/BofA complex SpoOA phosphorylation is controlled by a phosphorelay comprised of several kinases and numerous intermediaries. Interactions that ultimately work against SpoOA phosphorylation appear in red while interactions that lead towards SpoOA~P are presented in black. At the beginning of the phosphorelay, the KinA and KinB kinases respond to as yet unknown signals by autophosphorylating and subsequently transferring phosphate to SpoOF. SpoOF phosphorylates SpoOB, which passes phosphate on to SpoOA. A third kinase, KinC, bypasses the phosphorelay (i.e. SpoOF and SpoOB) and acts directly on SpoOA. A number of phosphatases (RapA,B,E,&H and SpoOE) and kinase inhibitors (Sda and KipI) act at various steps in the pathway to directly or indirectly antagonize SpoOA phosphorylation. These inhibitors are subject to their own regulation. KinD has been shown to work against SpoOA phosphorylation though it has not yet been determined at which step this regulation occurs (it is therefore graphed as a dashed line). This entire network of interactions is ultimately represented by the phosphorylation state of SpoOA. (Becker & Pogliano, 2007 , Burton, et al., 2007 . (A) Following asymmetric septation, the polar septum begins to curve and bend, resulting in its surrounding the forespore. The forespore detaches from the mother cell at the last step of engulfment (T4), which is immediately followed by spore cortex (thick gray band) synthesis. Under each stage is the approximate time in hours since the onset of sporulation at 37oC. (B) Three partially redundant molecular mechanisms are responsible for the membrane movement that occurs during sporulation: (1) The 'DMP' machine (red) is responsible for membrane migration by hydrolyzing the peptidoglycan between the two membranes (black lines), thereby moving the mother-cell derived outer forespore membrane around the forespore; (2) the SpoIIQ-SpoIIIAH zipper (blue) may function as a ratchet to irreversibly drive engulfment; and (3) peptidoglycan synthesis (green) of the germ cell wall could provide a motive force for membrane movement during early engulfment as well as the final step of forespore detachment. Figure adapted from . (A) The mother cell expressed protein SpoIIIAH (green) is initially present in the mother cell membrane but becomes progressively enriched at the sporulation septum through an interaction with the forespore expressed SpoIIQ protein (blue) that occurs in the space between the inner and outer sporulation membranes. Figure adapted from (Blaylock, et al., 2004) . (B) The SpoVM protein is targeted to the outer forespore membrane because of its high negative curvature. Figure adapted from (Ramamurthi, 2010) . Multiple layers including the spore cortex composed of peptidoglycan and the inner and outer spore coats surround the spore core containing the compacted chromosome. Figure  adapted from (Santo & Doi, 1974) .
